In a longitudinal case-control study, we followed 81 subjects with dysplasia of the hip and 136 control subjects without dysplasia for ten years assessing radiological evidence of degeneration of the hip at admission and follow-up. There were no cases of subluxation in the group with dysplasia. Neither subjects with dysplasia nor controls had radiological signs of ongoing degenerative disease at admission. The primary radiological discriminator of degeneration of the hip was a change in the minimum joint space width over time. There were no significant differences between these with dysplasia and controls in regard to age, body mass index or occupational exposure to daily repeated lifting at admission.
Since Wiberg's 1 thesis on the subject in 1939, it has been accepted that residual dysplasia of the hip predisposes to osteoarthritis (OA). Reduction in the load-bearing areas in dysplastic hips causes degeneration [2] [3] [4] [5] [6] [7] [8] [9] which is often preceded by labral tears and other soft-tissue lesions. While premature OA develops in subluxed hips, the extent and rate at which it occurs in moderate dysplasia of the hip is uncertain. There have been only two longitudinal studies with small numbers of patients. 10, 11 Evidence from cross-sectional studies is contradictory because the morphology and description of the condition have been inconsistently defined and the prevalence of dysplasia of the hip in the general population has not been estimated. Several studies have been based on pelvic radiographs obtained for unrelated conditions. [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] Over the last decade, pelvic realignment osteotomy has been increasingly performed to prevent the development of OA in dysplastic hips. [24] [25] [26] [27] This has stimulated our interest in the subject.
We have followed 81 subjects with dysplasia of the hip for ten years to assess radiological evidence of degeneration of the hip.
Patients and Methods
The subjects were recruited from the Third Copenhagen City Heart study, the osteoarthritis cohort (CCHS) of 1991 to 1994.
The CCHS is a longitudinal survey of an adult, Caucasian cohort from the county of Osterbro in Copenhagen by random socialsecurity number. The survey has registered life style and health variables since 1976. 28 Between 1991 and 1994, anteroposterior (AP) weight-bearing pelvic radiographs were recorded in 4151 participants. There were 1533 men of mean age 62 years (23 to 93) and 2618 women of mean age 65 years (22 to 92). The radiographs were obtained in the standing position with the feet pointing straight forward and the lower limbs in neutral abductionadduction. The x-ray beam was centered two finger breadths above the symphysis pubis in the midline and the tube-to-film distance was 120 cm. Two radiographers obtained all radiographs. Radiological features of OA of the hip. The minimum width of the joint space was measured at the lateral margin of the subchondral sclerotic line ('the sourcil'), at the apical transection of the weight-bearing surface by a vertical line through the centre of the femoral head, and at the medial margin of the weight-bearing surface bordering on the fovea. The minimum width was defined as the smallest of the three measurements. The thickness of subchondral sclerosis was measured at one point, and subchondral cysts and osteophytes were recorded (Fig. 1) . One observer (SJ) performed all the measurements using a 0.1 mm graded magnifying glass (Peak, Tokyo, Japan). Radiological features of dysplasia of the hip. Acetabular morphology was assessed by the acetabular depth ratio of Murray 29 and Stulberg and Harris 30 ( Fig. 2) . The cut-off value was set at ≤ 250‰. Containment of the femoral head was assessed by the centre-edge (CE) angle of Wiberg 1 with a cut-off value set at ≤ 20˚ (Fig. 2b ) and the femoral head extrusion index of Heyman and Herndon 31 with a cut-off value set at ≥ 20% (Fig. 2c) . The lateral margin of the sourcil was used to designate the lateral acetabular rim in relevant measurements. Shenton's line was evaluated. Pelvic rotation during radiography was assessed using the foramen obturator index of Tönnis 32 in which the maximum horizontal width of the right obturator foramen was divided by that of the left. Physical and occupation parameters. At the CCHS examinations of 1991 to 1994, the weight and height of all participants were recorded and the body mass index (BMI/kg/ m 2 ) calculated. The CCHS questionnaires recorded occupation since leaving school and for each occupation registered the frequency of different levels of lifting during a typical working day. The questions were formulated along the guidelines of The Danish National Board of Industrial Injuries, using the following categories: 1) primarily seated occupation; 2) standing, walking occupation, no repeated lifting; 3) daily repeated lifting equivalent to 50 x 20 kg or 20 x 50 kg; 4) repeated daily lifting equivalent to 50 to 100 x 20 kg or 20 to 50 x 50 kg; 5) repeated daily lifting equivalent to 100 to 250 x 20 kg or 50 to 100 x 50 kg; and 6) repeated daily lifting equivalent to 250 to 500 x 20 kg or 100 to 250 x 50 kg. Exclusion criteria of radiography. In an earlier cadaver study we found that pelvic rotation had a significant influence on the radiological indices of dysplasia of the hip. 33 To stay inside ± 3˚ of error of measurement of the CE angle, the foramen obturator index inclusion limits of 0.7 to 1.8 were applied to the radiographs. Furthermore, radiographs in which measurements were inaccurate because of obesity were omitted. The application of foramen obturator index limits of 0.7 to 1.8 excludes 188 (4.5%) of the 4151 of the CCHS pelvic radiographs. Applying individual exclusion criteria to the CCHS cohort resulted in the final inclusion of 1429 men with a mean age of 61 years (23 to 93), and 2430 women with a mean age of 61 years (22 to 92 years). Exclusion criteria of subjects. These were previous surgery to either hip, previous fracture of either hip, treatment of childhood hip disorders and a history of rheumatoid arthritis in any joint. Case-control study of 2003. The follow-up study was approved by the Ethics Committee of Copenhagen. After preliminary measurements of the pelvic radiographs of 1991 to 1994, 81 subjects (27 men, 54 women) with unilateral or bilateral dysplasia of the hip (CE angle ≤ 20˚), and still living in Copenhagen, were recruited for the follow-up study. A group of 136 subjects (66 men, 70 women) without dysplasia of the hip (bilateral CE angle ≥ 25˚) consented to act as a control group. Subjects with OA as seen on the initial pelvic radiographs were excluded. The minimum joint space width measurement was > 2.0 mm and maximum subchondral sclerosis 5.67 mm in men and 5.37 mm in women. There were no subchondral cysts or osteophytes in the group with dysplasia of the hip or the control group. Clinical examination. At the follow-up examination the participants were assessed by the Hospital for Special Surgery score (HSS) 34, 35 and the intensity of pain by a visual analogue scale (VAS) during the 12 months before investigation. The maximum score on the HSS is 40. The VAS ranged from 0 (no pain) to 10 (unbearable pain). The categories of pain included groin, gluteal, hip, radicular, lower back, morning stiffness and pain, and during sleep. The weight and height were recorded and the BMI calculated. Radiological examination at follow-up. The same radiological technique as in 1991 to 1994 was used at the follow-up in 2003. Any difference in magnification between the two sets of radiographs was standardised by comparing the radius of the femoral head in the original pelvic radiographs with that at follow-up. The same radiological indices of dysplasia and OA were used in both sets. All radiographs were taken between August and September 2003. Reproducibility. Intra-observer reproducibility of measurements of joint space width and parameters of dysplasia was assessed by blinded re-reading of a subset of 50 CCHS subjects, and 50 follow-up radiographs four weeks after the first reading (SJ), using the method of Bland and Altman.
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Statistical analysis. The correlation between the minimum joint space width and the degree of dysplasia were analysed by Spearman's correlation coefficient. Paired sampled t -tests estimated differences between subjects with dysplasia of the hip and the control group in regard to age, BMI, occupation, the minimum joint space width and degree of dysplasia of the hip at the CCHS examination of 1991 to 1994 and at follow-up examinations. VAS scores for pain and HSS scores were compared by paired t -tests. The changes in minimum joint space width were assessed by one-tailed t -tests and the total changes in minimum joint space width between groups by the Mann-Whitney U test. The risk of developing a pathologically-reduced minimum joint space width, increased subchondral sclerosis, osteophytes or subchondral cysts in the follow-up period in the subjects with dysplasia of the hip and the control group was assessed by the chi-squared test. Significance was set at p < 0.05. All statistical analyses were performed by SPSS 11.5 statistical software (SPSS Inc, Chicago, Illinois).
Results

The CCHS cohort
Reproducibility. Intra-observer reproducibility was acceptable for measurements of right and left hip centre-edge angles within 2.4˚, right and left hip femoral head extrusion index within 2.8˚, acetabular depth ratio within 17.3‰, minimum joint space width within 0.35 mm. Inter-observer reproducibility was acceptable within 1.8˚ for the CE angle, 2.3% for femoral head extrusion index, and 15.8‰ for acetabular depth ratio and reproducibility of minimum joint space width measurements in follow-up radiographs was acceptable within 0.25 mm. Prevalence of dysplasia of the hip. The prevalence of dysplasia of the hip in the CCHS cohort was 3.6% in men and 3.5% in women if a CE angle of ≤ 20˚ was used, 5.6% in men and 2.3% in women if an acetabular depth ratio ≤ 250‰ was used, and 10.7% in men and 8.4% in women if a femoral head extrusion index ≥ 20% was used as a cut-off value for definite dysplasia.
Of the study cohort of 3859 subjects 51 men and 86 women had unilateral or bilateral dysplasia. Joint space width. The association between joint space width and age in normal subjects is shown in Figure 3 . Both genders had a minimum joint space width decrease after the Age groups (yrs) Joint space width (mm) Fig. 3 The association between minimum joint space width and age in normal subjects.
fourth and fifth decades. However, the decrease was progressively steeper in women. Spearman's correlation coefficients of age vs minimum joint space width was r = -0.06 in male right hips, and r = -0.07 in male left hips. The corresponding values in women were r = -0.17 in right hips, and r = -0.18 in left hips. A lower CE angle was associated with a smaller minimum joint space width in both genders in subjects of ≤ 55 years of age (p < 0.0001).
The case-control study
Inclusion from the CCHS cohort. All follow-up radiographs were within 0.8 to 1.5 of the foramen obturator index and acceptable. Twenty-seven men with dysplasia attended follow-up examinations (73% response rate). Ten had bilateral and 17 unilateral dysplasia. Their mean age was 48.6 years (24 to 79). Sixty-six men of similar age acted as a control group. Fifty-four women with dysplasia attended for follow-up (82% response rate), of whom 18 had bilateral and 36 unilateral dysplasia of the hip. Their mean age was 53.1 years (25 to 70). Seventy women of mean age 50.6 years (26 to 71) acted as a control group. The mean followup period was 10.2 years (9.1 to 11.9) Age, BMI, occupation, and HSS score. There were no significant differences in regard to age, the BMI calculated in 1991 to 1994 and 2003, occupational exposure to repeated lifting and the HSS score between patients with dysplasia and the control subjects at follow-up examination (Table I) . Morphology of the hip. The CE angle ranged from 6˚ to 20˚ in dysplastic hips. There were no cases of subluxation of the hip as defined by a break of Shenton's line by more than 5 mm. VAS scores of pain at follow-up. There was no difference in self-reported pain between those with dysplasia and the control group at follow-up (Table II) , but, significantly more women reported frequent groin, gluteal and hip pain than men (p < 0.003 to p = 0.03). Changes in joint space width. The minimum joint space width fell significantly during the follow-up period in both those with dysplasia and controls (Fig. 4) (Table III) . There was a trend to loss of joint space in the dysplastic group, but this was not statistically significant.
Other radiological features of hip osteoarthritis. There were no significant differences in degeneration in subjects with dysplasia and controls. Four men developed a minimum joint space width ≤ 2.0 mm, which was our principal criterion for definite radiological OA. Three of these were in the control group and one 71-year-old man had dysplasia of the left hip. Two women in the control group developed a minimum joint space width of ≤ 2.0 mm. No participants developed pathologically increased subchondral sclerosis as subchondral cysts, and only one man in the control group developed osteophytes. One woman in the control group also developed osteophytes.
Discussion
Premature OA of the hip has been attributed to the effects of unrecognised dysplasia. 30, 37 Subluxed hips develop premature degeneration, but the natural course of moderate dysplasia of the hip has not yet been defined. 10, 11, 38 During a follow-up period of ten years, we found no significant differences in the reduction of joint space width between normal and dysplastic hips.
In Wiberg's 1 longitudinal study of 17 dysplastic hips (CE angle < 20˚) followed for 28 years, OA developed in each case and he found a linear relationship between the CE angle and the age of onset of OA. However, as pointed out by Cooperman et al, 10 seven of the 17 hips were subluxed with a mean CE angle of 2˚ and ten had a mean CE angle of 10˚. The mean age of onset of was 57 years in these latter patients. In addition, Wiberg's radiological criteria for OA were not standardised.
Cooperman et al
10 performed a similar study in 32 hips of 20 patients followed for 22 years. There were no cases of subluxation. The mean CE angle was 7.4˚ (-5 to 20). Jointspace narrowing expressed as a percentage of the normal joint space width determined the radiological outcome of the hip developed in an equal proportion of patients in their sixth and seventh decades as in the fourth and fifth decades of life. Twelve hips developed in the fourth decade, but 11 were without OA in the fifth decade, and nine in the sixth. 10 Hasegawa et al 11 followed 86 dysplastic hips for a period of 12.8 years. Thirty-three hips developed "early" OA after a mean of 9.2 years, and 66% of hips "advanced" OA from "early" OA in 7.8 years. A CE angle < 10˚, a broken Shenton's line > 10 mm, a femoral head extrusion index > 40%, and an acetabular depth ratio < 200‰ were significant predictors of premature OA of the hip. Radiological OA was assigned according to the following criteria: 1) prearthritic, no sclerotic change in the femoral head or the acetabulum; 2) early OA, sclerotic changes without joint-space narrowing; 3) advanced OA, joint-space narrowing; and 4) terminal OA, obliteration of the joint space.
Murphy et al 38 followed 286 patients who had had total hip arthroplasty performed for OA secondary to dysplasia of the contralateral hip. The follow-up period was not stated. Of these, 74 developed severe OA and 43 patients did not. The remaining 125 patients were excluded because they had not reached 65 years of age and apparently did not develop severe OA. The mean CE angle was 7˚ (-22 to -28) in those who developed severe OA and 34˚ (16 to 49) in those who did not. The features of dysplasia were distributed significantly different between the two groups, and the authors concluded that there was a significant relationship between dysplasia and OA of the hip. The radiological outcome measure was the OA score of Kellgren and Lawrence. Changes in a) male and b) female hip minimum joint space width (JSW) during the follow-up period.
Fig. 4b
We have presented these four studies at some length because they illustrate important problems in the epidemiological investigation of OA. First, four different radiological criteria were used to determine definite OA.
Composite radiological scores such as that of Kellgren and Lawrence's 39 as used by Murphy et al 38 have significant limitations in hips because of poor reproducibility and inaccurate terminology. 16, 17, 40, 41 The use of subchondral sclerosis as the critical radiological feature of OA, as in the study of Hasegawa et al, 11 does not seem to be justified, since it can be regarded as an ageing phenomenon in otherwise healthy joints. Many researchers use the minimum joint space width as the singular feature of radiological degeneration of the hip, 13, 14, 42, 43 but, to use the percentage of normal joint space width to designate the degree of OA, as in the study of Cooperman et al, 10 a knowledge of the normal distribution of joint space width in asymptomatic subjects is presupposed. This knowledge is now available 19, 44 which is the reason why we used it in our study.
Secondly, the recording techniques of the source radiographs are poorly described in the studies. In a cadaver study, we have found that pelvic orientation has a significant effect on measurements in dysplastic hips in AP radiographs. 33 Thirdly, the background incidence of OA of the hip and the influences of age and gender on this incidence have to be taken into consideration when estimating rates of degeneration in longitudinal cohorts with dysplasia of the hip. [45] [46] [47] [48] There were no age-and gender-matched control groups in any of the studies. If dysplasia of the hip causes premature OA in the young, we found it curious that a group of 125 patients in the much cited study of Murphy et al 38 was excluded because they had not reached the age of 65 years.
In our study, we addressed these variables in a case-control study and found no differences in the reduction of joint space width.
There were no cases of subluxation in our own study and that of Cooperman et al 10 which may explain the differences between these two studies and other longitundinal studies of dysplasia of the hip in adults. We have considered clinical and radiological factors but there is also mounting evidence of associated soft-tissue injuries contributing to the development of dysplasia of the hip.
It seem that the fibrocartilaginous acetabular labrum plays a key role in the pathogenesis of degeneration, especially in dysplastic hips, as does the meniscus to OA of the knee. Using radial MRI in 60 dysplastic hips, Kubo et al 49 found that the acetabular labrum was larger in cross-sectional area than in 40 normal hips. Leunig et al 8 assessed 23 young patients with hip pain by MRI arthrograms. Labral tears were confirmed intra-operatively in 18 patients, of whom 15 had dysplasia. In a study by Ganz et al 24 describing a new periacetabular osteotomy for adult dysplasia, there was intra-operative evidence of associated labral detachment in 20% of cases. In a total of 170 hips with either mild or moderate dysplasia, McCarthy and Lee 50 found labral tears in 122 (72%) on arthroscopy. In another study McCarthy et al 9 found labral tears in 241 of 436 younger patients (mean age 37 years) complaining of pain in the hip. Most tears (86%) were in the anterior quadrant of the acetabulum and always at the articular junction of the labrum. McCarthy et al 9 identified associated lesions of the acetabular articular cartilage in 273 patients (62.6%), also notably in the anterior quadrant. There were highly significant associations between the presence of labral lesions and degeneration of the articular surface. They concluded that labral disruption and degeneration were integrated in the same pathogenesis of joint disease. In a poroelastic finite element model of the hip Ferguson et al 51 demonstrated that removal of the labrum meant that solidon-solid contact stresses between articulating surfaces increased up to 92%. Subsurface strains and stresses of the articular cartilage were higher without the labrum, and they found that the labrum provided resistance to lateral movement of the femoral head and enhanced stability and congruity of the joint.
The dysplastic acetabulum is characterised by the shallowness of its retaining cavity and the steepness of the cranial articulating roof which applies abnormally high stresses on the labrum. We suggest that labral tears or detachments are critical events in otherwise well-functioning dysplastic hips, accelerating degeneration. This may explain why subjects with verified dysplasia did not develop OA in the fifth and sixth decades of life. If labral injuries do not occur in non-subluxed, dysplastic hips, articular cartilage may remain intact throughout life. However, the labrum in these patients is more at risk of detachment than the labrum in normal hips. We expect that future experimental studies will provide further evidence of this relationship.
